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Localization and polar distribution of several G-protein subunits along
nephron segments. Guanine nucleotide binding proteins (G-proteins) are
heterotrimeric proteins involved in signal transduction in epithelia. In
addition to possessing a polarized epithelium the nephron is composed
of well defined segments, each with distinct receptors, transporters and
other functions. Since different G-proteins interact with different recep-
tors, a differential distribution of the various G-protein subunits would
be expected. To investigate this possibility, polyclonal antipeptide
antibodies to several 0-protein subunits were used to examine the
distribution of these proteins in nephron segments and their localization
to apical or basal membrane domains. Immunoblotting of cortical
membrane vesicles demonstrated the presence of G-proteins in both the
brush border and basolateral membrane. Staining with G, common and
G, antibodies demonstrated more of these G-protein subunits in the
brush border than basolateral membrane. 0-protein /3 subunits were
also present in greater quantity in brush border membranes. Immuno-
cytochemical analysis demonstrated good antigenic preservation and
basically confirmed the results of immunoblotting of renal cortex.
0-proteins were also found to be differentially distributed in the
medulla, the amounts increasing with proximity to inner medulla. Only
G and G subunits were demonstrated in glomeruli, but all subunits
examined were detected in brush borders of proximal and apical
membrane of distal tubules in cortex. In outer medulla G was detected
in both basolateral and brush borders of some tubules and only brush
borders of others, 0j2 and G, were found in brush border and G3 was
not detected in this area. Basolateral membranes of inner medulla
contained 0, G,3, and G, subunits; G,, was also present in apical
membranes in some tubules. G,I2 was detected only in apical mem-
branes in this region. We conclude that 0-proteins are differentially
distributed in nephron segments. Investigation of regional tubular
function may disclose a role for the 0-proteins we have localized.
Guanine nucleotide binding proteins (G-proteins) occupy a
central role in many transmembrane signalling pathways [1—4].
The family comprises a group of heterotrimers consisting of a,
/3 and y-subunits located at the cytoplasmic surface of the
membrane. By virtue of their relatively divergent primary
sequence, the a-subunits are believed to confer functional
specificity on the oligomer [5], although some studies suggest a
role for f3y-subunits in effector activation [6].
Kidney tubules consist of polarized epithelial cells with
membrane components asymmetrically distributed between
apical and basal domains. This differential distribution of recep-
tors, enzymes and transporters is responsible for the re-absorp-
tive and secretory function of these highly specialized cells [7,
8]. In addition, individual nephrons can be subdivided into
several segments, each with distinct functions and populations
of enzymes, receptors, transporters and ion channels.
Since receptors for a number of hormones are predominantly
located in the basolateral membrane of proximal tubule cells [7,
9], it would be expected that G-proteins coupling to receptors
would also be localized to the basolateral membrane. However,
receptors for dopamine and angiotensin II have recently been
described in both basolateral and apical membranes [10, 11],
and furthermore, G-proteins have also been shown to activate
ion channels in epithelial cells [12].
These data suggest that 0-proteins may not be localized
exclusively to the basolateral domain of the cell. Considerable
evidence now confirms that significant quantities of G-proteins
are found in the apical domain of rat kidney tubule cells [13—IS].
To correlate G-protein content with regional function we
further characterized the distribution of G-proteins in the rat
kidney using several antipeptide antibodies to G-proteins. Both
basolateral and brush border membrane vesicles were prepared
from cortex and the G-protein content was examined by inimu-
noblotting. Patterns of G-protein distribution in whole kidney
sections were examined in fixed and unfixed kidneys utilizing
two different fixatives in addition to frozen sections.
Methods
Preparation of membranes
Female Sprague-Dawley rats (200 to 220 g) were used in all
experiments. Brush border membrane vesicles were prepared
using a MgCl2 precipitation technique [16]. Basolateral mem-
brane vesicles were prepared from rat kidney cortex using a
Percoll gradient ultracentrifugation technique as previously
described [17]. Protein content was determined by the method
of Bradford [18].
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Enzyme characterization
Brush border and basolateral membrane vesicles isolated
from rat kidney cortex were characterized by examination of
the enrichment in activity of specific enzyme markers: Na,
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K-ATPase for basolateral membranes [19], maltase and alkaline
phosphatase for brush border membranes [20, 21]. Potential
contamination of these individual membrane preparations by
other subcellular fractions was assessed by assay of glucose-6-
phosphase as an endoplasmic reticulum marker [22], acid
phosphatase as a lysosomal marker [23], and thiamine pyro-
phosphatase as a marker of the Golgi apparatus [24].
Preparation of antipeptide antibodies
The peptides GAGESGKSTIVKQM, representing amino ac-
ids 40-53 of the G subunits or 47-60 of the Gas subunit (termed
Ga common in this report) [25], RMHLRQYELL, representing
amino acids 385-394 of the 52 kDa form of the G5 subunit [251,
KNNLKDCGLF, representing amino acids 345-354of the Ga12
subunit [26], and CMSELDQLRQE, representing amino acids
1-10 of the G subunit [27], were synthesized by FMOC
Chemistry using a DuPont RAMPS system employing the
chemical protocols outlined by DuPont (Boston, Massachu-
setts, USA). The peptides were conjugated to keyhole limpet
hemocyanin through a cysteine added to the amino terminus of
the G peptide, or by glutaraldehyde cross linking for the Gas,
G,,2, and G, common peptides. Each conjugate, emulsified
with Freunds complete adjuvant, was administered subcutane-
ously to rabbits and boosted at monthly intervals with Freunds
incomplete adjuvant. The specificity of antisera against Ga
common, G, Ga12 and G was examined by immunoblotting.
The antibodies to GAGESGKSTIVKQM efficiently recog-
nize the 40-41 kDa proteins of rat brain membrane extracts, and
to a lesser extent the 45-52 kDa forms of Gas (data not shown).
This peptide is a sequence common to all known G-proteins
except G, which differs in the second, third and fourth amino
acids at the amino terminus [28]. The antibody to peptide
RMHLRQYELL is G5-specific and efficiently recognizes both
the 45 and 52 kDa form of G on immunoblots from rat brain
extracts, but does not recognize G1 type proteins (data not
shown). Bacterial lysates containing expressed recombinant
Gao, Gaj2, Gaj3 and the short form (45 kDa) of Ga. were
provided by Dr. Juan Codina (Dept. of Cell Biology, Baylor
College of Medicine, Houston, Texas, USA). Our Ga common
antibody recognized G,,0, Gaj13 and, to a lesser extent, G,5.
Our G antibody only recognized Ga5. The Ga12 antibody
efficiently recognized Gaj2 and to a lesser extent G01 without
recognizing Ga13, G, or Gas.
For preliminary experiments antibodies P960 and 584 were
obtained from Dr. Susanne Mumby (Dept. of Pharmacology,
University of Texas, Southwestern Medical Center, Dallas,
Texas, USA). The P960 antibody was made against the G
equivalent to our Ga common peptide, while the 584 antibody
was made to amino acids 325-339 of G5. The P960 antibody
weakly recognizes both forms of G5 and our Ga common
antibody had identical specificity. Our G5 antibody and 584
were also found to be equivalent.
Our G,3 antibody efficiently recognizes both the 36 and 35 kDa
proteins from rat brain membrane extracts. This antibody was
compared with antibody MS/i (New England Nuclear, Boston,
Massachusetts, USA), an antibody to a peptide sequence from
the amino terminus of G-protein f3 subunits, and demonstrated
equivalent specificity. The Ga12 antibody prepared in our labo-
ratory recognizes a 40 kDa protein from rat brain membrane
extracts, The specificity of this antibody was compared to that
of antibody AS/7 (New England Nuclear) and found to be
equivalent. The data of this manuscript referring to Ga com-
mon, Gas Gai2 andG were obtained using our antibodies. Data
referring to Ga13 were obtained using antibody EC/2 (New
England Nuclear).
Electrophoresis and immunoblotting
Proteins of brush border and basolateral membrane vesicles
were separated by means of polyacrylamide gel electrophoresis
in the presence of sodium dodecyl sulphate as described by
Laemmli [29]. For separation of G-proteins the gels contained
13,5% acrylamide (30:0.4 acrylamide:bis-acrylamide). Pre-
stained molecular weight markers (Sigma Chemical, or Amer-
sham, Arlington Heights, Illinois, USA) were routinely present
during each gel run to optimize the separation of G-proteins,
which necessitated migration of the tracking dye off the gel.
Proteins were transferred from the polyacrylamide gels to
nitrocellulose membranes by the method of Towbin, Staehelin
and Gordon [30]. Efficacy of transfer was confirmed by the
transfer of the pre-stained molecular weight standards from the
acrylamide gel to the nitrocellulose membrane. The membranes
were exposed to G0, Ga12, Gaj3, Ga common and G0 antibodies
at 1:500 dilutions. Goat anti-rabbit IgG conjugated to alkaline
phosphatase or labelled with 125j was used as a second anti-
body.
Immunocytochemistry
To assess the effects of tissue fixation, mounting and subse-
quent processing on preservation of tissue architecture and
antigenicity, rat kidneys were fixed using two different fixa-
tives; frozen sections were also used. Rats were anesthetised
with sodium pentobarbital (10 mg/100 g body wt, i.p.) and a
midline incision was made. The aorta and vena cava were
clamped above and below the renal arteries, a 19-gauge but-
terfly needle was then inserted into the aorta, and a small
incision made in the inferior vena cava distal to the renal veins
but proximal to the lower clamp. The kidneys were then
perfused with fixative in situ via the butterfly needle for ten
minutes, then quickly removed.
The two fixatives used provided adequate structural preser-
vation with excellent retention of antigenicity. Periodate-lysine-
paraformaldehyde (PLP) fixative [31], prepared just prior to
use, was composed of 0.01 M NaIO4, 0.075 M lysine, 2%
paraformaldehyde in 0.0375 M Na,HPO4 buffer, pH 6.2. A
mercury based fixative, B5, previously demonstrated to provide
excellent preservation of renal tubular antigens [32], was com-
posed of 0.22 M HgCl2, 90 mi sodium acetate and 3.7%
formaldehyde.
Following tissue perfusion and removal, the kidneys were
longitudinally sliced in 2-mm sections and further fixed in PLP
fixative for six hours or B5 fixative for three hours and then
washed in PBS, pH 7.2. Kidney sections were then mounted in
paraffin blocks, and 4- sections were used for indirect immu-
nofluorescence studies. The sections were then incubated for
four minutes serially in xylenes x3, ethanol 100% x3 and
ethanol 95% x 3. They were further rehydrated with one dip in
distilled water. Sections fixed with mercury-based fixative were
then incubated in Lugol's iodine solution for 10 minutes fol-
lowed by five minutes in 5% sodium thiosulphate. These
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Table 1. Enrichment of several enzymes in brush border and
basolateral membrane vesicles from rat kidney cortex
N
Basolateral
membrane
vesicles
Brush border
membrane
vesicles
Na,K-ATPase 8 9.4 3.3 0.56 0.3
Maltase 8 2.6 0.8 13.1 2.0
Alkaline 3 3.7 0.5 13.3 1.7
phosphatase
Acid 3 1.1 0.3 6.0 1.42
phosphatase
Glucose-6- 3 2.2 0.4 1.8 0.2
phosphatase
Thiamine 3 1.6 0.1 3.2 0.1
pyrophosphatase
sections were then rinsed in PBS for 10 minutes along with the
PLP-fixed sections.
Kidney sections were then incubated for 30 minutes in
blocking solution (20% goat serum in PBS), washed in PBS for
15 minutes and incubated for two hours with a 1:30 vol:vol
dilution of the antibody to be tested in blocking solution.
Negative controls consisted of 1:30 dilutions of pre-immune
serum or 1:30 dilutions of antibody pre-adsorbed with the
relevant peptide antigen. Following this incubation sections
were washed in PBS for 15 minutes.
To detect binding of the antibodies sections were incubated
for 20 minutes with FITC-labelled goat anti-rabbit IgG (Sigma
Chemical) at 1:80 vol:vol dilution in blocking solution. Sections
were then washed in PBS and mounted with 2 mg/mI p-phen-
ylenediamine in 50% glycerol in PBS. Sections were viewed
using a Zeiss epifluorescence microscope (Thornwood, New
York, USA). Each antibody was used to stain at least three
sections, each derived from different animals and fixed with
different fixatives.
Calculations and reagents
All data are expressed as means All chemical reagents
were obtained from Sigma Chemical Co. unless otherwise
stated, and were of the highest purity available.
Results
Enzyme characterization of cortical membranes
The activities of various enzymes in brush border and baso-
lateral membrane vesicles from rat kidney cortex are shown in
Table 1. Maltase and alkaline phosphatase activities were
significantly enriched in brush border membrane vesicles when
compared to a crude cortical homogenate. However Na,K-
ATPase activity was de-enriched in the brush border membrane
vesicles. In contrast, in the basolateral membrane vesicle
fraction, Na,K-ATPase activity was enriched 9.3-fold over that
in the crude cortical homogenate, while maltase and alkaline
phosphatase activities were only modestly enriched. Based on
the relative enrichments of maltase and alkaline phosphatase in
our brush border preparations, it is apparent that the basolateral
membrane fraction contains approximately 20% as much brush
border membrane protein per milligram total protein as do
brush border membrane fractions. Therefore, if the staining in
the basolateral lanes were only one-fifth of that in the brush
border lanes, then all that staining could be attributed to
Fig. 1. Immunoblot of various bacterial lysates incubated with anti-
G2 antibody. Numbers represent molecular weights of pre-stained
molecular weight standards. Explanation and key to lanes are in the
text.
contamination by brush borders. However, densitometric anal-
ysis of autoradiographs reveals, for example, that staining for
in basolateral membranes is 78.5% 6.3 (N = 3) of that in
brush borders, and staining for G,3 in basolateral membranes is
90.8% 5.1 (N = 3). Staining for G12 was equal in both
membranes. Therefore, it is clear that not all staining in the
basolateral membrane lanes can be explained by contamination.
Overall these fold enrichment values for brush border and
basolateral membrane vesicle markers, together with the en-
richment values for enzyme markers of other subcellular organ-
dIes, are consonant with findings in other preparations [10, 16,
17].
Antibody characterization
Antibodies produced in our laboratory were characterized in
part by reaction with bacterial lysates containing expressed
recombinant U-protein subunits. An example is shown in Fig-
ure 1. This depicts a nitrocellulose membrane where alkaline
phosphatase labelled goat anti-rabbit immunoglobulin was used
as the second antibody. Lane I represents a bacterial lysate
containing G,0, lane 2 represents a bacterial lysate containing
G1,, lane 3 represents a bacterial lysate containing G12, lane 4
represents a bacterial lysate containing G13 and lane 5 repre-
sents a bacterial lysate containing (short form). This
particular immunoblot was then incubated with our anti-G12
antibody at 1:500 dilution. It can be seen that our antibody
weakly recognizes G11, but strongly recognizes the 40 kDa G12
protein expressed in the bacterial lysate of lane 3. No other
— 40 kDa
a a a 55
Li;
66 DL GB DL GD DL
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kDa from the 36 kDa G0 subunits, although the antibody does
recognize both species. These G subunits were also more
prominent in the brush border than basolateral membranes.
Antibodies for specific Gai subunits were used for immuno-
cytochemistry as described below.
Immunocytochemical characterization of kidney
Gcommon Gas G
52 kDa
— 45 kDa
35 kDa
Fig. 2. Immunoblot of brush border (BB) and basolateral (BL) mem-
brane vesicles incubated with anti-Ga common, anti-Gaa and anti-Ge
antibodies. Numbers represent molecular weights of pre-stained mo-
lecular weight standards.
G-protein subunits are recognized by this antibody. All the
other antibodies prepared in our laboratory exhibited similar
specificity for their particular G-protein subunit.
Jmmunochemical characterization of cortical membranes
Both brush border and basolateral membrane proteins from
rat kidney cortex were separated by means of sodium dodecyl
sulphate polyacrylamide gel electrophoresis, transferred to
nitrocellulose sheets and probed with the anti-Ga common
antibody. A total of 25 tg of protein was applied to each sample
lane. The immunoblot depicted in Figure 2, where alkaline
phosphatase labelled goat anti-rabbit immunoglobulin was used
as the second antibody, revealed that G-proteins were present
in both the brush border and the basolateral membranes of the
rat kidney cortex. The weight of these proteins ranged from 40
to 52 kDa as compared to the migration of several protein
standards. The brush border membranes had more G-proteins
than the basolateral membrane vesicles. Companion nitrocellu-
lose transfers of membrane vesicle proteins were also reacted
with anti-Gas and anti-Ge antibodies (Fig. 2). Both the brush
border and the basolateral membranes were found to contain
Gas proteins of 45 and 52 kDa, although the 45 kDa protein was
the most abundant in each membrane fraction. Overall the
brush border membranes contained more Gas protein than the
basolateral membranes. Similarly both brush border and baso-
lateral membranes were found to contain Ge proteins with a
molecular weight of 35 kDa. These gels did not resolve the 35
Immunocytochemical determinations were performed with
two different fixatives. Both were found to yield good antigenic
preservation and identical patterns of immunofluorescent stain-
ing. Overall, B5 gave slightly better architectural preservation
than PLP. In some preliminary experiments immunofluores-
cence staining of frozen sections was performed. Although
specific immunofluorescence staining was clearly present in
several different areas, preservation of tissue architecture was
too poor to allow any accurate localization of staining (data not
shown). The results and photomicrographs displayed in this
manuscript are derived from both PLP and B5 fixed sections
and the type of fixative used is noted when appropriate.
In studies of immunofluorescently labelled kidney sections,
samples from specific areas of the kidney were sequentially
examined in order to eventually correlate regional G-protein
content with function. The particular areas examined were
cortex, outer medulla and inner medulla. Individual tubular
segments were identified by morphological criteria where pos-
sible.
Examples of negative controls, where antibody was pre-
adsorbed with the relevant peptide antigen, are shown in Figure
3. In Figure 3A anti-Gas antibody was pre-adsorbed with the
relevant peptide and applied to a B5 fixed section of rat kidney.
Several proximal tubules are seen in this area. There is a small
amount of background staining and no specific staining is
visible. In particular, the brush border of proximal tubules is
clearly visible and no staining of this membrane is seen, which
is in contrast to that in Figure 4A. Figure 3B represents a PLP
fixed section of rat kidney to which has been applied pre-
adsorbed G0 antibody. It is clear that background staining is
more prominent with the PLP fixed sections, but again no
specific staining is observed in the proximal tubules contained
in this area. This is in contrast to the staining seen in Figure 7B
where the same antibody was not pre-adsorbed with the peptide
antigen. In Figure 3C a B5 fixed section has had applied
anti-G3 antibody pre-adsorbed with the relevant peptide anti-
gen, and is presented for comparison with Figure 6B. Here an
area of inner medulla is seen with no specific immunofluores-
cent staining being visible.
Staining with anti-Gas antibodies revealed specific staining
throughout the kidney (Fig. 4). In the cortex high intensity
staining of the brush borders of proximal tubules was observed.
Distal tubules in cortex were stained with anti-Gas antibodies
both apically and on their basolateral surface. Glomerular
staining was also observed, but was generally faint and in a
predominantly mesangial distribution. In the outer medulla Gas
staining was prominent in medullary collecting tubules where it
was located in both apical and basolateral membrane domains.
Some heterogeneity of staining is apparent in these tubules,
with some cells appearing to have predominantly basolateral
staining and others predominantly apical staining. This hetero-
geneity may represent differential distribution of Ga subunits
between principal and intercalated cells. However, at present it
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Fig. 3. Immunofluorescence photomicrographs of negative controls, that is, antibody pre-adsorbed with peptide antigen. A. Anti-G, negative
control (x 1000). B. Anti.G negative control (x 1000). C. Anti-G,,13 negative control (X200).
is not possible to state this for certain. In tubules morphologi-
cally identified as pars recta, staining was seen only in
apical membranes and was less prominent. In the inner medulla
staining for was seen in medullary collecting tubules, where
it had a diffuse distribution but with basolateral accentuation.
When kidney sections were stained using anti-Ga12 antibodies
a quite different pattern of staining was observed (Fig. 5). Faint
brush border staining of proximal tubules was observed to-
gether with more prominent apical staining of distal tubules. No
basolateral and no glomerular staining was observed in the
cortex with this antibody. In the inner stripe of the outer
medulla G12 staining had an apical distribution in tubules which
morphologically appeared to be medullary collecting tubules. In
the inner medulla staining was also seen in an apical distribution
in medullary collecting ducts.
Sections stained with anti-G,13 antibodies also demonstrated
a unique pattern of fluorescence (Fig. 6). In the cortex fluores-
cence was seen along the brush border of proximal tubules and
more faintly in an apical distribution in distal tubules. Glomer-
ular staining was not seen. No staining was seen in the outer
a
A
4 4
4
4
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4.
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Fig. 4. Immunofluorescencephotomicrographs of kidney sections incubated with anti-G, antibody. A. High magnification (x 1000) view of cortex
showing glomerular (G) staining in a mesangial pattern together with apical and basal staining (arrows) of distal tubules (DT). B. Bright brush border
staining of proximal tubules (x400), C. Apical and basolateral staining of medullary collecting tubules (MCT) and only faint apical staining of pars
recta (PR) in the outer medulla (x 1000). D. View of inner medullary collecting tubules showing diffuse staining of tubular cells most marked in basal
domain of cells (x200). (All sections B5-fixed).
medulla in any of the sections examined with either fixative.
Conversely, in the inner medulla very prominent fluorescence
was observed in the medullary collecting tubules. Here the
fluorescence had a fairly diffuse distribution but with basal
accentuation. In other tubules identified morphologically as thin
limbs of loops of Henle, faint staining was seen with a predom-
inantly apical distribution.
Sections stained with G, antibodies showed yet another
pattern of staining (Fig. 7). In the cortex glomerular staining
was very prominent, more so than for any of the other G-pro-
tein subunits. Proximal tubules demonstrated both brush border
and basolateral staining. Distal tubules also demonstrated
marked apical staining together with some basal staining rather
than the typical basolateral staining (Fig. 7B). In the outer
medulla G was observed in an apical distribution, while in the
inner medulla this G-protein subunit was observed in the
medullary collecting tubules diffusely in the tubular epithelium
but with basal accentuation.
The results of the immunocytochemical localization of these
G-protein subunits, summarized in Table 2, provides a qualita-
tive and semi-quantitative assessment of G-protein presence in
different regions of the rat nephron. Absence of staining does
not necessarily mean complete absence of a particular G-pro-
tein subunit(s); it could indicate a concentration below the limit
of detection by immunocytochemical means.
Discussion
This study illustrates the distribution of several G-proteins in
rat kidney. In addition to immunocytochemical localization of
these G-proteins, membrane vesicles of the cortex were pre-
pared to determine the distribution between brush border and
basolateral membranes.
The enzyme enrichment values for our brush border prepa-
ration reveal a relatively pure preparation with a high-fold
enrichment of brush border membranes and a de-enrichment of
the other main plasma membrane domain, basolateral mem-
branes. On the other hand, the basolateral membrane prepara-
tion, although showing a several-fold enrichment for Na,K-
ATPase, also demonstrates some contamination with brush
border membranes (maltase, enrichment by 2.6 0.8-fold and
alkaline phosphatase, enrichment by 3.7 0.5-fold). Although
our preparations are directly comparable to those of other
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Fig. 6. Immunofluorescence photomicrographs of kidney sections in-
cubated t'ith anti-G,13 antibody. A. View of cortex showing bright
staining of brush border in proximal tubules (PT). Apical membranes of
distal tubules (DT) also stain, but less strongly. The glomerulus shows
no fluorescence (x400). B. Staining seen in inner medulla (X200).
Medullary collecting tubules show predominantly basal staining (thick
arrow) whereas thin limbs of loops of Henle show predominantly apical
staining (thin arrow). Note that overall staining is most pronounced in
collecting tubules (All sections B5-flxed).
Fig. S. Immunofluorescence photomicrographs of kidney sections in-
cubated with anti-G antibody. A. View of cortex (x 1000) showing no
glomerular staining, bright apical staining (arrow) of distal tubules (DT)
and little apical staining of proximal tubules (PT,PLP-fixed). B. View of
outer medulla inner stripe (x 1000) demonstrating apical staining of
medullary collecting tubules (B5-fixed). C. Inner medullary collecting
tubules (CT) with bright apical staining. Other tubules, thin limbs of
loops of Henle (TL), show no staining (x400, PLP-fixed).
groups [10, 16, 17], these results demonstrate the major draw-
back of working with membrane vesicles, namely the presence
of other contaminating subcellular fractions.
Therefore, to confirm and extend our findings using immuno-
blots, we localized G-proteins in whole kidney sections using
immunocytochemical techniques. Immunostaining of unfixed
frozen sections was inadequate due to poor architectural pres-
ervation of tissue. It was clear, therefore, that tissue fixation
would be required, and in order to strengthen the results two
fixatives were used in separate experiments. The B5 fixative has
been widely used, and has shown excellent fixation of kidney
tissue and retention of antigenicity of renal tubular antigens, in
particular the H -ATPase [32]. The other fixative used, PLP,
does not cause many of the problems associated with fixative!
protein interactions {31], and has also been used in immuno-
cytochemical localization of renal tubular antigens [33]. Al-
though tissue structural preservation was somewhat better with
B5 than with PLP, the immunocytochemical results were iden-
tical and it seems reasonable to assume that these results
accurately reflect G-protein distribution in the rat kidney.
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Fig. 7. Immunofluorescence photomicrographs of kidney sections incubated with anti-Ga antibody. A. High power view (x 1000) ofglomerulus
showing intense staining in a predominantly capillary distribution. Less intense mesangial staining is also seen. Note also staining of parietal and
visceral epithelium of Bowman's capsule. B. Cortical view (x 1000) showing apical staining of both distal tubules (DT) and proximal tubules (PT).
The proximal tubules also show basolateral staining with membrane infoldings clearly visible (thin arrow). Distal tubules also demonstrate basal
staining (thick arrow), although this lacks a lateral component and therefore cannot be accurately described as basolateral. It may represent
staining of basement membrane or endothelial staining of a pen-tubular capillary. C. Fluorescence staining in an apical distribution in outer
medullary tubules (x400). D. Diffuse cellular staining with basolateral accentuation in collecting tubules from inner medulla (x 400, All sections
PLP fixed).
Table 2. Distribution of severaI G-protein subunits in different areas of rat kidney
G
+
G,12
—
G3
—
— —
Apical
G,3
+
Glomeruli Apical Basal Apical Basal Apical Basal Basal
Tubules
PT
DT
OMCT
IMCT
++
+-$-
i-
—
—
+
+
+
+
+
+
+
—
—
—
—
+
+
+
—
—
—
—
+
+
+
++
+
+
+
+
++
Abbreviations are: PT, proximal cortical tubule; DT, distal cortical tubule; OMCT, outer medullary collecting tubule; IMCT, inner medullary
collecting tubule. Symbols are: + ÷ staining strongly present, + staining present, — staining absent.
Overall, the results from the fluorescence staining of G-pro- staining in basolateral membranes in kidney sections when their
teins in kidney sections are in agreement with the results presence in this area had been suggested by immunoblotting.
obtained from immunoblotting; in particular, they confirm the However, as discussed above, contamination of basolateral
excess of G-proteins Gaj3 and G,5 in brush border or apical membrane vesicles with brush border membranes could explain
membranes in the cortex. Nevertheless, certain discrepancies these anomalous results.
are apparent—for example, the absence of Gaj2 and G3 Numerous studies have attempted to examine the distribution
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of G-proteins in renal tissue homogenates from various animals
[34, 351. These studies are limited, however, by the heteroge-
neity of the mammalian kidney, which precludes conclusions
regarding the cellular function of G-proteins. This study, to the
best of our knowledge, is the first to attempt immunocytochem-
ical localization of G-protein subunits in kidney. By correlating
the presence or absence of a G-protein in a nephron segment
with well-defined physiological function, it may be possible to
begin to ascertain roles for the many G-proteins that have been
detected and described in renal tissue.
The presence of such large quantities of 0-proteins in brush
border and apical membranes is of particular interest. This
finding is supported by recent studies describing the role of
0-proteins in the regulation of Na transport and ion channels
[12, 361. Furthermore, recent studies have demonstrated
dopamine receptors, which couple to 0-proteins, in brush
borders [101. Receptors have also been described for angioten-
sin II [11, 371, as well as high-affinity binding sites for VIP,
which appears to inhibit the Na-H antiporter by a mechanism
independent of cyclic AMP [38]. The effects of both of these
substances may be mediated by 0-proteins.
The absence of staining for 0,j2 and subunits in the
glomeruli is unexpected given that numerous hormones may
regulate capillary and mesangial function in this area. However,
negative staining does not exclude the presence of a particular
protein. It is equally possible that other 0-protein subunits not
examined in this study may be involved in signal transduction in
the glomerulus. For example, we have preliminary results to
show that 0-protein subunit Gq [39] is detectable by immuno-
blotting in purified preparations of glomeruli (results not
shown).
In summary, we have prepared reliable polyclonal antibodies
to several G-protein subunits and have described their use in
the identification of G-proteins by immunoblotting and immuno-
cytochemical studies. We used two different fixation methods,
which gave good tissue preservation while retaining antigenicity
of 0-proteins. Using these techniques we have demonstrated
the presence of large quantities of several G-proteins in the rat
kidney, and have described their distribution in different ana-
tomical and functional regions of the kidney.
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